(−)-2 and (+)-3 or the dimers (−)-4 and (+)-5 has been reported to date. [5] Herein, we present the first total synthesis of (−)-mehranine (2) and (−)-methylenebismehranine (4) as well as access to (+)-(6S,7S)-dihydroxy-N-methylaspidospermidine (3) and (−)-aspidospermidine (1), based on a highly diastereoselective transannular cyclization.
Recently, we reported a unique method to access aspidosperma alkaloids based on a doublecyclization cascade induced by the electrophilic activation of lactam (−)-6 (Scheme 1, left). [6] This approach allowed for the rapid assembly of the aspidosperma skeleton and the addition of nucleophiles to the in situ formed diiminium ion 10 in a single step from precursor (−)-6. Reduction of 10 with sodium cyanoborohydride resulted in the formation of pentacycle (−)-15 in 50% overall yield. However, a limitation of the double-cyclization cascade was the low level of diastereoselection in the initial cyclization event [(−)-6 → 8] resulting from the small steric difference between the vinyl and the ethyl group at C5. The undesired C12-epimer of spirocyclization intermediate 8 did not follow a productive pathway to a pentacyclic structure, thus resulting in modest yield for the overall process. In addition, the introduction of a double bond at the C6 and C7 positions (Scheme 1, 7), that would allow for late-stage oxidation to (−)-mehranine-type structures resulted in the formation of undesired monocyclized products derived from intermediate 9 and the desired pentacyclic structure 16 was not obtained. [7] Therefore, we sought the development of a milder and highly stereoselective cyclization strategy that would allow for late-stage functionalization to access more complex members of the family.
Motivated by our previous studies of related lactams [6a] we hoped to access the pentacyclic skeleton of the aspidosperma alkaloids bearing a double bond at C6 and C7 positions by a transannular spirocyclization of C12 onto C19 (Scheme 1, right). [2d,g,i, 8 ] We envisioned nine-membered lactam (+)-13, accessible from acyclic amino acid (+)-12 in two steps (Scheme 2), as a suitable cyclization precursor. The rigid conformation of lactam (+)-13 ensures a high level of diastereoselection and a more efficient spirocyclization step to pentacycle (−)-17 via the diiminium intermediate 14 (Schemes 3 and 4). Furthermore, a removable para-methoxybenzyl group at the indole nitrogen of lactam (+)-13 provides access to highly versatile pentacyclic compounds with secondary indoline nitrogen atoms.
The asymmetric synthesis of the natural products depicted in Figure 1 required a highly enantioselective synthesis of cyclization precursor (+)-13 with the C5 stereogenic center. An efficient amplification of stereochemical complexity was envisioned to introduce all other stereocenters of the targeted natural products from the C5-stereocenter. The synthesis of cyclization precursor (+)-13 commenced with two sequential alkylations of (+)-pseudoephenamine-derived crotonamide (−)-18 (Scheme 2). [6a,9] Selective γ-deprotonation of (−)-18 with lithium 2,2,6,6-tetramethylpiperidide in the presence of lithium chloride generated the corresponding enolate, which was trapped with the alkyl iodide 19. [10] The resulting tertiary amide (−)-20 was deprotonated with lithium diisopropylamide in the presence of lithium chloride followed by the addition of N,N′-dimethylpropylene urea and iodoethane at −40 °C. This resulted in the highly diastereoselective formation of α-quaternary amide (−)-21 (d.r. > 30:1) in 69% yield. The free carboxylic acid (+)-23 was obtained in 99% yield after cleavage of the chiral auxiliary under basic conditions, [9, 11] and the enantiomeric excess of (+)-23 was determined by chiral HPLC analysis of the corresponding methyl ester to be of >99%. The substituent at C12 was introduced using a reductive alkylation protocol [12] with acetal 24 in the presence of trifluoroacetic acid and triethylsilane in 75% yield. Hydrolysis of the trifluoroacetamide gave amino acid (+)-12 in nearly quantitative yield. The penultimate step to the cyclization precursor (+)-13 consisted of a lactam formation of amino acid (+)-12 induced by triphenylphosphine-iodine. [13] An inverse addition under infinite dilution conditions increased (~25%) the yield by minimizing intermolecular condensation and allowed for the isolation of lactam (+)-25 in 78% yield. Finally, a ring-closing metathesis of lactam (+)-25 promoted by 2nd generation HoveydaGrubbs catalyst [14] at 80 °C afforded lactam (+)-13 in 87% yield on gram-scale.
Gratifyingly, activation of lactam (+)-13 with Tf 2 O led to efficient formation of diiminium ion 14 (cf. Scheme 1) the reduction of which with sodium trimethoxyborohydride provided pentacycle (+)-17 with excellent level of diastereoselection (d.r. > 20:1). The introduction of tri-n-butyltin hydride prior to lactam activation resulted in an increase (~10%) in the yield (Scheme 3), likely due to immediate and selective reduction of the C2 iminium ion of diiminium ion 14, [6] thus providing a more stable C19 monoiminium intermediate. With this optimization, pentacycle (+)-17 was efficiently obtained from (+)-13 in 89% yield and with full stereocontrol over three newly formed stereogenic centers. A subsequent cleavage of the para-methoxybenzyl group under acidic conditions with thiophenol as nucleophile [15] afforded the key intermediate (−)-26 in 79% yield.
The superb selectivity in the transannular cyclization prompted us to investigate the origin of the stereoselectivity in more detail. An X-ray structure analysis of lactam (+)-13 confirmed the absolute stereochemistry at C5 (Scheme 3). [16] The conformation of the lactam with the amide on the si-face of the indole and a C12-C19 distance of 3.22 Å support the observed rapid and highly stereoselective cyclization after amide activation. [17, 18] The 1 H NMR of lactam (+)-13 showed line broadening of several signals at 25 °C indicating atropisomerism, which we investigated by a variable temperature NMR study. We only observed one predominant conformer (>95%) between −40 °C and 55 °C and that is likely a conformer similar to the one in the solid state. To further investigate the conformation of lactam (+)-13, we conducted DFT-calculations on the ground-state conformation of lactam (+)-13 and other relevant intermediates of the cyclization. [19] The calculations are in agreement with the conformation of lactam (+)-13 in the solid state being the most stable one, however, we found a similarly stable conformation with the amide on the reface of the indole. [18] As shown in Scheme 4, this would lead to the C12-epimer trans-28. The calculations indicate that the respective activated lactam 27B is more stable than 27A, probably due to minimization of steric interactions. However, even if conformer 27B was present after amide activation, the subsequent cyclization would be highly endothermic for 27B as a strained trans-6/5-ring system is formed, whereas the cyclization is exothermic for 27A. Furthermore, the kinetic barrier for the formation of trans-28 must be significantly higher, as amide activation at +30 °C (as compared to −40 °C) did not decrease the level of stereoselection in this transformation.
To MeOH) ). The reaction proceeded in 84% yield in the presence of Adam's catalyst, and the characterization data of alkaloid (−)-1 matched previously reported data. [2, 18] Having established the key transformation needed to access the (−)-6,7-didehydroaspidospermidine (26), we wanted to capitalize on its C6,C7-double bond and complete the first total chemical synthesis of (−)-mehranine (2) . Epoxidation attempts on the N-methylated derivative of pentacycle (−)-26 failed due to low reactivity of the double bond and/or rapid and competitive N-oxide formation. [20] We aspired to achieve the desired epoxidation with the N-formylated derivative of pentacycle (−)-26, based on important observations by Kalaus, Szántay, and coworkers [5, 21] regarding the presence of an electronwithdrawing substituent on the aniline nitrogen. Importantly, we envisioned the direct reduction of the N-formyl amide to the N-methyl group present in the targeted natural products. Formylation of amine (−)-26 to amide (−)-29 with a formic acid-acetic anhydride mixture [22] proceeded smoothly and set the stage for the epoxidation event (Scheme 5). We were glad to see that the epoxidation of amide (−)-29 was successful using trifluoroacetic acid in dichloromethane with meta-chloroperbenzoic acid as the stoichiometric oxidant. The quantitative protonation of N9 was essential to prevent N-oxide formation and a rapid quench of the reaction mixture with saturated aqueous sodium thiosulfate solution prevented over-oxidation after product formation. This optimized protocol allowed for the isolation of epoxide (−)-30 in 77% yield as a single diastereomer. To accomplish the total synthesis of (−)-mehranine (2), a selective reduction of the N-formyl group of pentacycle (−)-30 to an Nmethyl group was required. As known protocols for amide reduction gave unsatisfactory yields due to incomplete reduction or competitive cleavage of the N-C bond, we sought a new and mild formamide reduction method. [23] Based on our findings in the key transformation (cf. CHC1 3 ) ) in 86% yield. The characterization data matched previous reports. [3, 5, 18] To accomplish the first total synthesis of (+)-(6S,7S)-dihydroxy-N-methylaspidospermidine (3), we envisioned a stereoselective opening of the epoxide in (−)-mehranine (2) with water as nucleophile. We anticipated the regioselective attack of the nucleophile at C7 electrophilic center due to its reduced steric crowding compared to the neopentylic C6 position. Under optimal conditions heating a solution of (−)-mehranine (2) MeOH) ) in 67% yield. [18] The characterization data of (+)-3 matched the previously reported data. [3b,18,24] Finally, we intended the dimerization of (−)-mehranine (2) to (−)-methylenebismehranine (4) utilizing a formaldehyde equivalent. While the use of formaldehyde and closely related acetal reagents were found to be completely ineffective for this advance-stage dimerization, the most promising results for the direct functionalizion of C15 were obtained with a Mannich reaction using aminal reagents that allowed for a mild aminomethylation under acidic conditions. [25] However, the ionization of the resulting benzylic amines such as 31 proved to be challenging and decomposition of the intermediate was observed in most cases due to the high temperatures required for activation under acidic conditions. Importantly, we discovered that when bis(4-methylpiperazin-1-yl) methane was used as source of the methylene carbon, the resulting intermediate . [18] The appearance of a single set of signals in the 1 H NMR of (−)-4 for the two mehranine units together with an additional singlet for the new methylene protons confirmed the formation of (−)-4 and all analytic data were in full accordance with the data in the isolation report. [4, 18] Interestingly, besides the recovery of 7% of (−)-mehranine (2), this dimerization reaction afforded a trimeric structure derived from the reaction of (−)-4 with 31 in 31% yield. [18] In summary, we have developed a highly enantio-and diastereoselective route to monomeric and dimeric aspidosperma alkaloids with oxidation at the C6,C7 positions, which allowed for the synthesis of four natural products. The key step is a transannular spirocyclization induced by the electrophilic activation of a nine-membered lactam, which afforded a 6,7-unsaturated pentacycle in high yield and with excellent level of diastereoselection. The resulting versatile intermediate (−)-6,7-didehydroaspidospermidine (26) allowed for the synthesis of (−)-aspidospermidine (1) by simple hydrogenation and for the first total synthesis of (−)-mehranine (2) through the stereoselective epoxidation of the C6,C7 double bond. Hydrolysis of the epoxide afforded (+)-(6S,7S)-dihydroxy-N-methylaspidospermidine (3) and a scandium trifluoromethanesulfonate-mediated dimerizatio of (−)-mehranine (2) resulted in the first total synthesis of (−)-methylenebismehranine (4). While further development of the required new synthetic methodologies described here, includin the mild reduction of formamide (−)-30 and advance-stage dimerization of (−)-mehranine (2), for broader application is ongoing, our highly efficient new synthetic strategy outlined above forms the basis of our approach to other members of this family of complex alkaloids.
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Scheme 1.
Comparison of the previous double-cyclization approach with the new transannular cyclization strategy. Tf 2 O = trifluoromethanesulfonic anhydride. DFT-calculated relative energies of geometry-optimized ground state conformations of activated lactam conformers 27A and 27B as well as putative cyclization intermediates cis-28 and trans-28 (gas phase, B3LYP/6-31G(d); see Supporting Information for details). Dimerization of (−)-mehranine (2) to (−)-methylenebismehranine (4): a) bis(4-methylpiperazin-1-yl)methane, Sc(OTf) 3 , MeCN, 23 °C, 49%.
